If the ionization mechanism in fast-atom bombardment involves ion/molecule reactions, what are the reagent ions? The time dependence of fast-atom bombardment mass spectra and parallels to chemical ionization  by Székely, Gabriella & Allison, John
If the Ionization Mechanism in Fast-Atom 
Bombardment Involves Ion / Molecule 
Reactions, What Are the Reagent Ions? 
The Time Dependence of Fast-Atom 
Bombardment Mass Spectra and Parallels 
to Chemical Ionization 
Gabriella Sz6kely and John Allison 
Department of Chemistry, Michigan State University, East Lansing, Michigan, USA 
The evaporation in vacua of the matrices used and the particle-induced desorption of matrix 
molecules in fast-atom bombardment (FAB) contribute to a proposed high pressure region 
above the FAB matrix known as the selvedge region. If the neutral number density is 
sufficiently high, ions formed upon bombardment may undergo collisions with molecules, 
yielding matrix-related cluster ions and, in cases when the analyte is desorbed in neutral 
form, protonated and deprotonated analyte molecules. Similarities with the chemical ioniza- 
tion CC11 experiment have been pointed out previously and are further developed here. If 
FAB is similar to CI, then the response depends on the structures of the reagent ions-those 
ions that react with gas phase analyte molecules. We consider here the time dependence of 
positive and negative ion FAB spectra to attempt to identify the reagent ions of FAB. A 
model is suggested for the FAB ion source which evaluates similarities to a CI source, as well 
as spatial aspects that are unique to desorption/ionization techniques. (J Am Sot Mass 
Spectrom 1997, 8, 337-351) 0 1997 American Society for Mass Spectrometry 
egardless of whether it is “an old maxim” or 
IL not, desorption/ionization methodology for ass spectrometry clearly does demonstrate that 
you “do not always need to know what you are doing 
to get useful information” [ 11. Although several groups 
are currently investigating the details of the desorption 
and ionization steps in matrix-assisted laser desorp 
tion/ionization (MALDI), many of the same questions 
remain for fast-atom bombardment (FAB) and liquid 
secondary ion mass spectrometry (LSIMS). Nonethe- 
less, each is used daily to solve chemical problems. 
Characterization of these systems continues with the 
promise that, once the physical and chemical aspects of 
the process are understood, the overall experiment can 
be optimized, for improved analytical capabilities. 
In the case of FAB, a number of descriptions of the 
desorption aspect of particle bombardment have been 
put forth [2-61. Details of this facet may be most 
closely related to the molecular weight limits of the 
technique. However, the response of analytes and the 
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fact that not all analytes yield detectable signals in 
FAB mass spectrometry may well be more closely 
related to the chemical aspects of the technique. How 
are analytes ionized in the FAB process? 
In the development of FAB, its parallels with chemi- 
cal ionization have been discussed [7]. Analyte re- 
sponses appear to depend on gas phase proton affini- 
ties [S-11]. Protonated and deprotonated analytes are 
formed. With the introduction of the concept of a gas 
phase selvedge region existing above the liquid target 
[12], FAB could be described as essentially a glycerol 
chemical ionization experiment. Ions and analytes are 
desorbed not into the high vacuum, but into this 
region where collisions can occur. Although not incor- 
porated into this model to date, the time dependence 
of FAB spectra could also be explained by invoking 
gas phase ion/molecule reactions. 
More recently a very different mechanism has been 
developed in which the chemistry through which the 
observed ions are formed takes place in high pressure 
gas cavities, which constitute the initial interfacid re- 
gion linking the distinct condensed and gas phases of 
the experiment [51 (see Figure 1). In these cavities, 
formed upon fast-atom impact as a result of the colli- 
sion cascade, a variety of reactions can occur [5]. Of 
Received September 5,1996 
Revised December 16, 1996 
Accepted December 17,1996 
338 SZkKELY AND ALLISON J Am Sot Mass Spectrom 1997,8,337-351 
I 
0 
matrix 
malyle sn l t  
0 ok+ 
2r=lOOA Qcr 
0  matrix fragment s r
IOilS 
condensed interfacial 
phase 
selvedge high vacuum 
region 
Figure 1. Schematic showing the site of fast-atom impact into a FAB target containing glycerol 
matrix, NaCl, and an analyte. The impact cavity is shown as well its contribution to the gas phase 
selvedge region. In the region labeled A, the interface between liquid and gas, ion/ion 
recombination reactions occur with high rates. Once desorbed from this region, analyte ions move 
into the “selvedge region,” where ion/molecule reactions can occur, but not ion/ion recombina- 
tions. Dimensions indicated are discussed in the text. 
particular importance are ion/molecule reactions, 
through which analytes acquire charge when the ana- 
lyte (M) is present in the matrix in neutral form. In this 
discussion, the matrix is glycerol (G). These reactions 
include various kinds of proton transfer, such as 
FH++ M 4 MH++ F (1) 
or anion/cation attachment, if salts such as NaCl are 
present: 
Na++ M + MNa’ (2) 
Cl-+ M -+ MCl- (3) 
In reaction 1, FH+ represents any organic ion derived 
from glycerol that could protonate M. 
When the analyte is ionic, introduced into the glyc- 
erol matrix as an Na,M salt, for example, a variety of 
processes can occur to yield singly charged species, 
such as 
M*-+ Na+-+ MNa- (4) 
G+M~-+[G-H]-+HM- (5) 
Recombination reactions such as reaction 4 maybe the 
fastest in this interfacial region [5]. As desorption takes 
place, attractive ion/ion interactions overcome the in- 
fluence of the solvent. When insufficient energy is 
available to desorb the multiply charged analytes pro- 
ton abstraction involving matrix molecules is also an 
attractive option for M2- [reaction (5)] because the 
desolvation energy is considerably less for species with 
lower overall charges [13]. 
Although chemistry in the interfacial region is 
clearly important, especially for charged analyte 
species, there are aspects of FAB mass spectrometry 
that cannot be explained by the high pressure gas 
cavity alone. One is the time dependence of FAB, 
which will be the focus of this work. If all of the 
chemistry responsible for the ions observed takes place 
in very small microvolumes at fast-atom impact points, 
then FAB spectra would not be expected to have a 
substantial time dependence. The time-dependent 
spectra correlate with decreasing matrix/sample 
amounts, which could decrease the number of colli- 
sions in the gas phase, yielding fewer products of 
ion/molecule reactions. This concept will be devel- 
oped and evaluated here, with a focus on the forma- 
tion of the protonated matrix molecule and the higher 
mass proton-bound matrix clusters in positive ion mass 
spectra, as well as the analogous anions formed. The 
details of the time-dependent aspects of FAB will be 
discussed and the possibility of the contribution of gas 
phase ion/molecule reactions to the observed ions will 
be evaluated. We specifically attempt to define, if 
ion/molecule reactions are occurring, the reactant ions 
for the most common matrix-glycerol. 
The “Chemical Ionization” Model of 
Fast-Atom Bombardment 
If a situation is created in a portion of the FAB ion 
source that resembles a glycerol CI experiment, in 
which particle bombardment supplies reagent ions and 
desorbed neutral analyte molecules, then what are the 
reagent ions? Which ions are responsible for protonat- 
ing desorbed analyte molecules M? Consider the simi- 
larities between the FAB experiment and methane 
chemical ionization (CD. In methane CI, CH: once 
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formed collides with many additional methane 
molecules, with little subsequent chemistry, allowing 
for the accumulation of large numbers of these reagent 
ions. In contrast, GH+ reacts upon subsequent colli- 
sions with glycerol molecules, leading to proton-bound 
clusters as large as (G&H+ [14]. If one considers the 
high pressure ion source and the spectrum of methane 
alone, it is clear that most analyte molecules that 
collide with a gas phase ion will encounter CHf, and 
these are considered as the reagent ions (in addition, of 
course, to C,Hl). In the FAB spectrum of glycerol, the 
most abundant cation is frequently m/z 93, GH+. 
Thus, one may consider glycerol CI as involving ion- 
ization of analytes through the following proton trans- 
fer reaction, as described by Kebarle et al. 18, 111, 
and the response, or lack thereof, would depend on the 
relative proton affinities of the analyte and glycerol. 
This analysis is based on the assumption that many 
protonated matrix molecules are available for reaction 
because they are represented by one of the most in- 
tense peaks in the mass spectrum. Another possibility 
is that GH+ ions are products of ion/molecule reac- 
tions as are MH+ ions for neutral analytes M. One 
may also consider the various G,H+ ions as reagent 
ions, but these are expected to have high proton 
affinities, which makes them less likely to protonate 
analyte molecules than GH+ [15]. 
Although FAB has many similarities with CI, there 
are critical differences. One that is most crucial to this 
discussion is the spatial aspects of the experiment (see 
Figure 2). When energetic particles collide with the 
glycerol target, primary ions are formed in the cavity 
created by the impact. Sunner et al. 1161 refer to these 
ions as collision cascade ions. For simplicity, we will 
refer to them as reagent ions because, as the interface 
between the condensed phase and the vacuum breaks 
down forming the selvedge, the primary ions formed 
at the interface will pass through the selvedge and 
continue to react. The concentration of reagent ions 
and desorbed neutrals will be highest at this liquid/gas 
interface. As molecules diffuse away from the target, 
the CI model suggests that collisions occur and reagent 
ions are converted into ion/molecule reaction prod- 
ucts, which react further, and so forth. At some point 
in space the average number density becomes suffi- 
ciently low that no additional chemistry occurs (the 
outer edge of the selvedge region) [ 12,171, and it is the 
ionic species that exist at this point, after the chemistry 
is over, that are sampled and represented in a FAB 
mass spectrum. Although m/z 93, representing GH+, 
is the most intense low mass peak in the mass spec- 
trum of glycerol, this does not mean that GH+ is the 
reagent ion in this experiment [ll]. In this model it 
would be a reaction product. When analyte molecules 
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Figure 2. A schematic of aspects of the FAB ion source, for the Cl 
model discussed, are shown at the beginning of the experiment, 
t = 0, and late in the experiment, many minutes after initiation of 
particle bombardment, at some t = t. The two figures show the 
relatively large liquid target (not to scale) at t = 0, the small remain- 
ing target at t = t, and the mass spectra for each point in time. The 
mass spectra represent the ions that Itwx the ion source, not the 
species initially formed at the target surface. In the upper figure, 
pressure decreases as d, the distance from the surface, increases. The 
pressure is due predominantly to neutral glycerol molecules. A vari- 
ety of primary ions are formed at the surface; these are simply 
designated here as FH + (the figure focuses on the positive ion experi- 
ment). Their relative abundance decreases with increasing d as colli- 
sions lead to ion/molecule reaction products GH* and MH+. Subse- 
quent collisions most apparently lead to glycerol clusters such as 
GzHf. The dotted line represents some point in space that can be 
considered the edge of the high pressure selvedge region-that value 
of d where the pressure is reduced to a value where no additional 
chemistry occurs (no relative dimensions are meant to be implied in 
the figure). At long times, t = t, the sample size/area has been 
reduced to the point where it cannot maintain a “high” pressure 
selvedge region. Under such conditions, FH+ ions, formed at the 
target surface, pass through the ion source essentially collision-free. It 
is at this point that, while total ion currents are reduced (because the 
total amount of matrix/analyte on the surface is very small), the ions 
detected are the nascent ions of particle bombardment of glycerol. 
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first desorb from the target, they encounter reagent 
ions, As they move away from the target and the ionic 
composition of the gas changes, they may be proto 
nated by species such as GH+ that will contribute to 
the MH+ signal, However, both M and G are proto 
nated in this model by the reagent ions generated from 
particle bombardment, and it is one purpose of this 
article to consider the identity of these ions. 
In addition to GH+, G+’ is a reagent ion candidate, 
as are fragment ions, possibly similar to those ob- 
served in the electron ionization (EI) mass spectrum 
of glycerol [18]. When gas phase glycerol molecules 
are ionized by energetic electrons, there is essentially 
no molecular ion detected at m/z 92 (CsHsOl’): the 
four major fragment ions are m/z 61 (C,H,O:), 43 
(C,H,O+/C,HT), 31 (CHaO+), and 29 (C,H:/ 
CHO’). These are all even-electron ions. 
We propose that the identity of the reagent ions of 
FAB-those ions that play the role of primary reactant 
ions for subsequent gas phase ion/molecule reactions 
-can be experimentally determined. If a substantial 
fraction of the reagent ions are converted into product 
ions because of the high pressure selvedge region, then 
one need only to reduce the number density in this 
region, and the primary ions will be able to pass, 
unaltered, from the surface of the FAB probe to the 
mass analyzer. How might one remove the selvedge 
region? Remove/limit its source. The approach evalu- 
ated here involves decreasing the amount of glycerol 
present on the probe. With less glycerol surface area 
present, the contributions to the number density at 
points within the ion source decrease. As the number 
density decreases, there are fewer collisions-less con- 
version of reagent ions to reaction products. There are 
several ways to decrease the amount of glycerol pre- 
sent on the probe tip, and we propose that an informa- 
tive way to do so is to begin with a typical amount of 
glycerol and let desorption in vacua and particle bom- 
bardment deplete the sample to the amount desired. 
That is, the time-dependent spectra of glycerol should 
lead to a situation where very small amounts of glyc- 
erol remain (at long times), the spectrum of which 
could represent the reagent ions of FAB. This aspect of 
the model is summarized in Figure 2. It is well known 
that FAB spectra are time-dependent and that the ions 
from the matrix vary with time [ 19, 201. As time passes 
in a FAB experiment, the most noticeable change is in 
the glycerol cluster ions. As the number of gas phase 
glycerol molecules in the source decreases, less cluster- 
ing occurs, which would be consistent with having 
fewer collisions. Thus, for the G,H+ ions, the average 
value of n decreases as time increases, consistent with 
a gas phase clustering mechanism: 
GH:,, + 5,) --) G2H;,, (71 
WI;,, + G,,, -+ GA& (8) 
GP:,, + G,,, + Gvt + I% (91 
It also suggests that, at sufficiently long times, spectra 
can be obtained under conditions of reduced collision 
numbers. It is this proposal that we evaluate here, to 
identify the reagent ions, both positive and negative, 
formed in FAB from glycerol, realizing that we are 
evaluating a model, to determine the extent to which 
ion/molecule reactions could play a role in generating 
the ions observed. 
Experimental 
All experiments were performed on a JEOL HX-110 
double-focusing mass spectrometer (JEOL, Ltd., Tokyo, 
Japan) of forward geometry with an accelerating volt- 
age of 10 kV and a FAB gun voltage of 6 kV with 5 mA 
of emission current, by using xenon as the FAB gas. 
Resolution was set at 3000. The total cycle time for a 
single scan was set at 1 min. When data were acquired 
over a mass range of O-400, each spectrum was ac- 
quired in 15.4 s with a reset time of 44.5 s. When the 
mass range of O-BOO was being studied, the time 
required to obtain each spectrum was 21.9 s, again 
with a reset time that allowed for the generation of one 
spectrum per minute. 
The glycerol was mixed with an equal volume of 
methanol to allow for reproducible amounts of matrix 
to be transferred to the FAB probe tip. Typically, 1 PL 
was applied to the probe tip. The methanol was 
pumped away before the FAB experiment began. Sepa- 
rate studies were carried out with pure glycerol and 
were compared with the results of the experiments 
where the methanol:glycerol mixture was used, to be 
certain that residual amounts of methanol did not 
contribute to the mass spectra obtained. 
The 1,1,2,3,3,-ds-glycerol was obtained from Cam- 
bridge Isotope Laboratories (Woburn, MA). The extent 
of deuteration was reported to be 98%. The digoxin 
was purchased from Sigma Chemical Co. (St. Louis, 
MO). Both chemicals were used as received. Digoxin 
was dissolved in a 1:l methanol:chloroform mixture to 
a concentration of 5 pg pL-‘. One microliter of this 
solution was mixed with the matrix on the FAB probe 
tip prior for insertion into the mass spectrometer. 
Results and Discussion 
The Chemical Ionization Model for Fast-Atom 
Bombardment 
Results will be presented first for the positive ions 
formed by fast-atom bombardment of glycerol. Several 
studies have been reported on the ions formed from 
glycerol, which may be candidates for reagent ions 
[19-221. In 1982, Field [19] discussed the time depen- 
dence of selected ions in the FAB spectrum and pro- 
vided strong evidence for radiation damage to the 
matrix upon particle bombardment, wherein a fraction 
of the glycerol is converted into radicals, which react 
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to form larger molecules. These species appear in pro- 
tonated form in the FAB mass spectrum (as does 
glycerol). According to Field, continuous bombard- 
ment leads to crystalline products from the viscous 
glycerol target. Ligon [21] also suggested the possibil- 
ity of radical formation in glycerol. However, one of 
the major advantages of FAB that has been discussed 
is the constantly refreshed surface of the liquid matrix 
111. That is, any decomposition products are desorbed 
when formed. In 1994, Caldwell and Gross (referred to 
as CC) [221 reported a detailed study of the glycerol- 
derived ions. In their study, sufficient resolution was 
used to establish the ions’ elemental compositions. 
They also report data that demonstrate that free radical 
chemistry occurs as particle bombardment takes place, 
leading to higher molecular weight species in the glyc- 
erol matrix, which contribute to the observed chemical 
background in FAB spectra. Proposed free radical reac- 
tion products were supported by both positive and 
negative ion spectra. We will use the CG data as the 
basis for a discussion of the possible reagent ions of 
FAB, keeping in mind the radiation damage model, 
and expand the information available by considering 
the time dependence of some of the dominant ions. 
The Positive Ion System 
Figure 3 shows six mass spectra obtained at various 
times when a glycerol sample is bombarded by fast 
xenon atoms. One mass spectrum was obtained per 
minute. Not shown is an example of the final, un- 
changing spectrum obtained when glycerol is com- 
pletely depleted and the stainless steel surface is bom- 
barded. In this case, the spectrum contains peaks rep- 
resenting Na+ (m/z 231, Kf (m/z 391, Cr+ (m/z 52), 
and Fe’ (m/z 561. Spectra undergo relatively small 
changes in early periods (in this particular experiment, 
the first 30 min), then begin to change more rapidly. 
First consider the protonated glycerol and proton- 
bound clusters m/z 93 (GH+), 185 (G,H+), 277 
(G,H+), and 369 (G,H+t). If formed in the gas phase, 
their relative intensities are sensitive indicators of the 
mean number of collisions that ions undergo when 
passing from the target surface to the free vacuum of 
the mass spectrometer. As time passes, the peak repre- 
senting m/z 369 first disappears from the spectra, then 
277, then 185, and eventually, in spectrum 52, even 
m/z 93. This is consistent with a set of consecutive 
reactions 7-9. If one considers the relative intensities 
of the m/z 185,277, and 369 peaks in spectra 1, 10, and 
30, it appears that throughout the course of a FAB 
experiment the average collision number in the gas 
phase is not constantly decreasing. When the FAB 
beam is first turned on, the number density of glycerol 
molecules above the target is established by the des- 
orption rate in vacua. Particle bombardment increases 
the rate of desorption, resulting in an increase in aver- 
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Figure 3. Positive ion FAB mass spectra of glycerol. The glyc- 
erol sample was bombarded continuously for 1 h, with one mass 
spectrum acquired each minute. The insets in spectra 40,46, and 
52 show the high mass portion of the mass spectra, magnified by 
a factor of 5. 
age number density until a tenuous steady state is 
achieved. This may also be influenced by a spreading 
of the glycerol, increasing the surface area, upon bom- 
bardment. That is, the data suggest that ions are un- 
dergoing more collisions to yield the ion distribution 
in spectrum 10 than in spectrum 1. From that point on, 
glycerol is depleted and its number density above the 
surface decreases. 
Next, consider ions of intermediate mass, such as 
m/z 183. This ion could be a simple fragment ion of 
m/z 185, formed in a process such as 
GH++ G + G,H+(185) + [G,H - Hz]+ (183) + H, 
(10) 
However, the m/z 183/185 ratio increases throughout 
the experiment. In the first spectrum of Figure 3, the 
ratio is zero, while in spectrum 46, the ratio is greater 
than 1. Field [191 and CG [221 are clearly correct in 
their discussions of radical formation and radical cou- 
pling. Compound I is formed upon particle bombard- 
ment, presumably due to radical chemistry. It accumu- 
lates to some extent in the matrix, being less volatile 
than glycerol. It is desorbed and protonated to yield 
the peak at m/z 183, which represents (G,,,)H+. The 
time dependence is consistent with this mechanism. 
We will use here the designation for free radical chem- 
istry products of glycerol that was employed by CG, in 
which the neutral molecule derived from glycerol with 
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a molecular weight of 182 is designated as G,,,: 
HO-CH,CH,-OH 
HO-C-A-OH 
CH,OH 
HO-&H AH -OH 
CH2 
482 
2 CHO 
54 
I II 
HO-CH,CH,-OH 
HO-C-C-H 
HO-CH &H -OH 
G66 
2 
III 
Other ions are of note regarding proposed free radical 
mechanisms. Consider two pairs of ions that are ob- 
served: m/z 93 and 75 and m/z 185 and 167. Both 
pairs are separated by 18 u and could result from 
dehydration following protonation in the gas phase, as 
suggested in the reactions 
FH++ G + GH+(m/z 93) 
+ [GH - H,O]+ (m/z 75) + Hz0 (11) 
GH++ G + G,H+(m/z 185) 
+ [G,H - Hz01 + (m/z 167) + Hz0 (12a) 
Certainly water loss from protonated alcohols is a 
facile process [23]. However, it has been proposed that 
radical chemistry in the matrix leads to compounds II 
and III, with molecular weights of 74 and 166. Both 
then can appear in protonated form in the FAB spec- 
trum. Which description is correct? Both probably con- 
tribute. If one compares spectra 46 and 52 in Figure 3, 
it appears that when m/z 93 vanishes, 75 does so as 
well, suggesting that a gas phase mechanism, process 
11, links 93 and 75. However, the ratio of m/z 167 to 
185 increases throughout the experiment, which would 
be most consistent with a buildup of the free radical 
coupling product Grb6, with the m/z 167 peak repre- 
senting this compound in protonated form. If pressure 
changes with time, the data also suggest that the direct 
protonation of G,,, as a process leading to m/z 167 
may be more important, at least at long analysis times, 
than other options such as a gas phase mechanism 
involving clustering of m/z 75 with glycerol: 
[GH - Hz01 + (m/z 75) 
+ G + [G,H - H,O]+ (m/z 167) (12b) 
In terms of the accumulation of products of radical 
chemistry in the matrix during FAB, the ions with m/z 
75 and 167 may suggest that products with higher 
molecular weights (higher heats of vaporization, such 
as III) accumulate more so than products such as II, 
with molecular weights less than that for glycerol. 
Now consider the low mass portion of the first spec- 
trum in Figure 3. The intense fragment ions of glycerol 
are m/z 45, 57, and 75. These might be the primary 
ions of FAB, dominant at the surface, but attenuated as 
they pass through the selvedge region and are con- 
verted into GH+ and its subsequent products. The first 
mass spectrum of Figure 3 may suggest 
m/z 45,57,75 + G + GH++ neutral products (13) 
As time passes and the G,H ’ ions decrease in abun- 
dance, the ions with mass-to-charge ratio values less 
than 92 increase in relative intensity, consistent with 
reaction 13; fewer collisions lead to less conversion of 
reactants to products. However, additional ions appear 
in the spectra acquired after many minutes of bom- 
bardment, such as m/z 31 and 43. These may be the 
most reactive reagent ions, as reflected by their low 
relative intensities in FAB spectra taken early in the 
experiment. Spectrum 52 suggests that when so little 
glycerol is present that a selvedge region cannot be 
established, the primary ions formed are m/z 31, 43, 
45, and 57. Clearly many other low mass ions are 
formed in lower abundance; however, we will focus 
our discussion here on this set. 
If these four ions constitute the primary “reagent 
ions” of FAB, then they must be consistent with reac- 
tion 13 representing exothermic processes. Can these 
ions protonate glycerol? First consider possible ion 
structures. CG [22] assigns the formula C,H,O to the 
m/z 57 ion. In Table 1, possible structures are given. If 
m/z 57 is the product of multistep processes, it may be 
due to prompt fragmentation of m/z 75, upon elimi- 
nation of water. Two pathways are shown in Figure 4, 
depending on whether the H that shifts in the process 
is from carbon or oxygen, to form an enol or epoxide 
ion. To assist in understanding ion structures, the FAB 
spectrum of &-glycerol was obtained. The d,-glycerol 
has the structure CD,(OH)cD(OH)CD,(OH), with all 
deuteria on carbon atoms. With this modification, the 
peak at m/z 57 shifts to m/z 62. All five deuteria 
remain in this ion, which is consistent with the epoxide 
structure given in Table 1. 
Next consider m/z 45. Caldwell and Gross [22] 
report an elemental composition of C,H,O. In Figure 
4, a possible mechanism for its formation is shown, 
involving elimination of formaldehyde from m/z 75. 
In &-glycerol, the mass-to-charge ratio value for this 
ion shifts to m/z 48. Two hydrogen atoms remain in 
the fragment, consistent with a mechanism involving 
formaldehyde elimination to form this 2-C fragment 
ion. The m/z 45 ion can eliminate H, to form the ion 
at m/z 43, consistent with one of CG’s elemental 
assignments of C,H,O. At least two distinct species 
are represented by the peak at m/z 43; CG identified a 
second component with the formula C,H,. It is not 
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Figure 4. Possible mechanisms for formation of reagent cations. 
The observed ions can all be generated from a precursor of m/z 
75, which could evolve chemically from protonated glycerol. The 
species in parentheses indicate possible precursors to the reagent 
ions observed. 
unequivocally obvious what the mass shift is for m/z 
43 in the deuterated glycerol experiment. The m/z 43 
ions become dominant at long times, but while domi- 
nant, the ion currents for all species are low. It appears 
that the m/z 43 ion splits to yield two species, m/z 45 
and 46, of approximate equal abundances, at long 
times in the d,-glycerol experiment, consistent with 
the indicated structures in Table 1. 
The fourth ion to be considered is m/z 31, which 
CG [22] assign as CH,O. When ds-glycerol is used, the 
peak splits, providing ion current at m/z 33 and 34. 
An inductive fragmentation of m/z 75, shown in Fig- 
ure 4, would lead to formation of m/z 33 in the 
partially deuterated experiment, supporting a struc- 
ture of HO-CD:. The ratio of peak intensities for m/z 
33:34 changes throughout the experiment. 
Table 1. Reagent cation candidates from glycerol 
ION / MOLECULE REACTIONS IN FAB 343 
It should be noted that this set of four ions is 
different from those formed by 70-eV electron impact 
ionization of glycerol, where the fragment ions evolve 
from the molecular ion. The four most intense EI 
fragments are m/z 31, 43, 45, and 61. We note that 
m/z 61 corresponds to loss of CH,OH’ from the 
molecular ion, upon C-C bond cleavage. It may well 
be an intermediate, similar to m/z 75 proposed in 
Figure 4, for the ions observed in the FAB experiment. 
We note that m/z 75 is most easily formed not from 
G+‘, but from GH+, upon loss of water. Thus, the 
primary ions formed by particle bombardment of the 
matrix may evolve from prompt fragmentation of 
highly excited GH+. The primary ions from a liquid 
may resemble ion/molecule reaction products more 
than EI-like fragments, at least when mechanisms for 
their formation such as those shown in Figure 4 are 
considered. This parallels reports of the ionization of 
alcohol clusters in the gas phase [24]. 
With some candidate structures to consider, is pro- 
ton transfer possible from these primary ion candi- 
dates to glycerol? Can they participate in reaction 13? 
To answer this question, proton affinities (PA) can be 
considered, as well as an additional, very useful fact. 
When ds-glycerol is used, protonated &-glycerol 
(CsD5H,0JH+ is formed at m/z 98. The “reagent 
ions” that protonate the glycerol molecules, as well as 
analyte molecules, transfer protons, not deuterons. Ac- 
tually, an analysis of the ratio of peak intensities for 
m/z 98 and 99 reveals that the m/z 99 peak does not 
only represent the 13C isotopic variant of this ion, but 
(CsDsHsOs)D+ as well. However, in the process, 95% 
of the glycerol is protonated, and only 5% is deuter- 
ated. A similar observation has been reported by Ligon 
[21]. This ratio persists in the G,H + clusters as well, 
consistent with their formation via reactions 7-9. 
Can m/z 57 protonate glycerol? Its d, variant 
formed in the deuteration experiment does not appear 
to do so to any great extent, because the ion only 
Mass-to-charge ratio and elemental composition 
Glycerol &-Glycerol 
57 62 
Proposed structures 
D2c/7cD-cDi + DzC\7c=CD2 1 Df 0 0 
C,H,O+ &D,O+ 
45 
C2H50+ 
48 
C2D3H20+ 
H-C--$--D + [ Dyp] H+ 
OH 
PA=786kJmol-’ -+ /-, HO 43 
C,HsO+ 
‘2’: 
31 
CH,O+ 
33,34 
CHD,O+, CDaO+ 
[@‘lH+ 
-CD,OH 
CD30+ = KD,oIH+ 
+CD,OD PA=718 kJ mol-’ 
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contains deuteria, and protonation clearly dominates 
in the experiment. It is not clear which compound 
should be considered when evaluating the gas phase 
acidity of this ion, because it may rearrange as it 
protonates a neutral molecule. We do note that of the 
four candidates for primary ions, m/z 57 is the largest 
in the first FAB spectra formed, when the number of 
collisions occurring following ion desorption is pre- 
sumably highest. This may reflect the fact that it is 
not efficiently converted into products, as are m/z 43 
and 31. 
Can m/z 45 and 31 protonate glycerol? The proton 
affinity of glycerol is 874 kJ mol-’ [9]. As m/z 45 is 
written in Table 1, the proton affinity of oxirane should 
be considered. PA(cyclo-C,H,O) = 786 kJ mall’ [25]. 
Proton transfer can occur in an exothermic process. 
Also, as written, it would be expected that protona- 
tion, not deuteration, would occur in the ds-glycerol 
experiment. The reaction would be exothermic by ap- 
proximately 88 kJ mall’ for thermal energy reactants. 
Reaction 14, involving species for which heats of for- 
mation are known, involves elimination of water in an 
inductive cleavage from a protonated alcohol in an 
analogous process; it requires approximately 80 kJ 
mol-’ [25]: 
> +OH,--) >+ +H,O (14) 
Thus, it appears that m/z 45 can participate not only 
in reaction 13, but in reaction 11 as well. In considering 
m/z 31, the proton affinity of formaldehyde is rele- 
vant. PA(CH,=O) is 718 kJ mall’. With a PA even 
lower than oxirane, obviously m/z 31 can also pro- 
tonate glycerol and induce further fragmentation to 
some extent. No information is available on the struc- 
ture of m/z 31. The +CHzOH ion is estimated to be 
139 kJ mall’ more stable than CH,O+ [25]. If this ion 
is a direct fragment of ionized glycerol, then the 
+CH20H form could be formed easily via ionization 
of a nonbonding electron on an oxygen atom followed 
by an a-cleavage reaction. If this is the case, then the 
ion would protonate by using a hydrogen that initially 
resided on an oxygen atom. 
Can m/z 43 protonate glycerol? In the “normal” 
FAB spectrum, high resolution analysis shows that two 
species are present. One is C,H:. This is probably not 
a primary fragment of glycerol. It is the minor compo- 
nent of the m/z 43 peak; CG attribute it to a fragment 
of “various species higher in mass,” that is, they 
suggest that it is a fragment of a radiation chemistry 
product. Thus, we will not consider it here, although 
protonated propene [PA(C,H,) = 750.31 kJ mol-‘I 
would certainly transfer a proton to oxygen-containing 
molecules such as glycerol. The other species repre- 
sented by the m/z 43 peak is C,H,O+. Regardless of 
whether the hydrogen atom that is transferred in a 
protonation reaction is initially bound to a C or 0 
atom, proton transfer to glycerol should be exothermic. 
Present in the spectra shown, but not listed in Table 
1, is a peak representing H,O+, which is formed in 
low abundance. The m/z 19 ion has been explained by 
CG as a degradation product of glycerol, although its 
evolution from small amounts of water in the glycerol 
is possible as well. Whereas PA(H,O) is 697 kJ mol-’ 
[25], the HsO+ ion certainly would transfer a proton to 
glycerol or most analytes, although the low relative 
intensity of the peak at m/z 19 in all spectra would 
suggest that this ion would be a minor source of 
protons. 
Thus, a consistent picture emerges. Low mass ions, 
with mass-to-charge ratio values less than 93, could act 
as the primary cations of FAB by using glycerol as a 
matrix if they emerge into a reactive gas phase envi- 
ronment-the selvedge region-where the number 
density is sufficiently high that ion/molecule reactions 
occur. They would protonate glycerol and analytes 
that desorb in neutral form. Certainly, under multiple 
collision conditions, GH+ can protonate analytes as 
well. However, this model suggests that it is not the 
proton affinity of G that determines whether an ana- 
lyte will be protonated in the gas phase. More specifi- 
cally, if reaction 6 represents “the chemical ionization 
process” of FAB, then only analytes with PAS higher 
than glycerol would be ionized. With the model con- 
sidered here, analytes with lower PAS could be ionized 
as well. The PAS relevant for the primary ions would 
then be what control the system thermochemistry, not 
PA(G). 
The Negative Ion Sys tern 
In negative ion FAB, deprotonated analyte and matrix 
molecules are usually observed. Multiple mechanisms 
for the desorption/ionization have been proposed that 
may each contribute. Again consider a mechanism 
involving gas phase ion/molecule reactions. The most 
intense low mass peak in the negative ion spectrum of 
glycerol is at m/z 91, representing deprotonated glyc- 
erol [G - HI-. It could react with desorbed neutrals, 
ionizing them via proton transfer: 
JG-HI-+M+G+[M-H] (15) 
The time dependence of the negative ions formed by 
fast-atom bombardment of glycerol was studied and 
representative spectra from a single experiment are 
shown in Figure 5. In this experiment, spectra were 
acquired for approximately 1 h. Over that period of 
time, the total ion current decreased by more than an 
order of magnitude as the glycerol was depleted. (Not 
shown are spectra obtained at very long times when 
the glycerol is completely depleted.) Although bom- 
bardment of stainless steel yields iron and chromium 
cations, analogous anions are not observed. Instead, the 
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Figure 5. Negative ion FAB mass spectra of glycerol. The glyc- 
erol sample was bombarded continuously for 1 h, with one mass 
spectrum acquired each minute. The inset in spectrum 1 shows 
the high mass portion of the spectrum magnified by a factor of 2. 
“clean” probe spectrum contains peaks representing 
Cl-, and fragment anions of pump oil at m/z 77, 89, 
100, and so forth. As in the positive ion data, the 
spectra change as the glycerol is depleted and, in the 
model being considered, the number density of the 
neutral molecules in the source/selvedge region de- 
creases. The set of ions that includes deprotonated 
glycerol [G - HI- at m/z 91 and its glycerol clusters 
([G - H] + G)-, m/z 183, ([G - HI + 2G)-, m/z 275, 
and ([G - HI + 3G)-, m/z 367, are shown in spec- 
trum 1 of Figure 5. The relative intensities of these ions 
change with time, with the higher mass ions being lost 
first. In spectrum 1, m/t 183 is larger than 91. By the 
time spectrum 38 was obtained, the peak representing 
m/z 91 is larger and the higher clusters are no longer 
being formed. Spectrum 41 is typical in that moder- 
ately intense chemical noise (peaks at every mass) 
frequently appears at intermediate times; however, 
such signals make less of a contribution as bombard- 
ment continues. 
In the cation spectra, we discussed the [M + HI+ 
and [M + H - H,O]+ ions, suggesting that dehydra- 
tion follows gas phase protonation-a common pro- 
cess for protonated alcohols that is known from the 
chemical ionization literature [23]. Obviously, al- 
though 0-protonated alcohols can eliminate water in a 
facile process, there is no analogous mechanism for 
deprotonated molecules, and anionic analogs 18 u 
lower than some major peaks are not observed in the 
spectra of Figure 5. This further supports the premise 
that m/t 75 in positive ion FAB is more accurately 
written as ([M + HI - H,O>’ rather than [M - 
H,O]H +. 
In the intermediate region of the spectra the peak at 
m/z 181 becomes larger than m/z 183 as bombard- 
ment time increases. Although 181 could be a fragment 
of 183, it is probably [G,,, - HI-, a deprotonated free 
radical coupling product, supporting evidence for G,,, 
from the cation data. Although there is no direct de- 
scription of the process leading to the m/z 113 ion, our 
data are consistent with the observation of CG that this 
species grows with increasing time of particle bom- 
bardment. 
The spectra taken at long times suggest that the 
following ions would be the primary anions of FAB, 
the glycerol negative reagent ions: m/z 17, 25, 43, 45, 
59, 71, and 91. However, spectra taken after 60 min 
contain this set without m/z 91 present, so 91 will not 
be considered as a primary ion candidate. Could these 
ions act as reagent ions to deprotonate desorbed glyc- 
erol and analyte molecules? To answer this question, 
we will again consider possible ion structures, utilize 
data from FAB of &-glycerol, and evaluate the ther- 
mochemistry. The “bond strength” between an anion 
A- and a proton H + is reported as the gas phase 
basicity of the A- ion. [Note that the gas phase acidity 
(GPA) of HA is equal to the gas phase basicity (GPB) 
of A-.] For example, to evaluate reaction 15, one factor 
is the proton affinity of [G - HI-, which is equal to the 
GPA(G1 = 1546 kJ mall’, the energy required to het- 
erolytically cleave the RO-H bond. 
Consider the anion with m/z 71. CG provided the 
elemental composition C,H,O, for this ion. The peak 
shifts to m/z 74 in the &-glycerol spectrum, consistent 
with the structure shown in Table 2. We will at this 
point exclude m/z 71 as a candidate for the set of 
primary anions of FAB. Consider again Figure 3. We 
proposed that, at long times in the FAB experiment, 
sample size is depleted and the selvedge region is of 
sufficiently low number density that primary ions can 
pass through the source, experiencing few collisions, to 
the mass analyzer. From this standpoint, spectrum 50 
in Figure 5 represents the ions formed at the 
matrix/vacuum interface (still, some reactions could 
be occurring in the gas phase to form m/z 911. How- 
ever, it also is a spectrum taken after almost an hour of 
particle bombardment and is more likely to contain 
ions arising from bombardment of accumulating free 
radical chemistry products. Such ions will not domi- 
nate the primary ions formed early in a FAB experi- 
ment (short bombardment times). The m/z 71 ion may 
well fall into this category. CG suggest that m/z 71 is 
a deprotonated form of a degradation product, not a 
primary product of intact glycerol. It may come from 
two sources, because it is present in early spectra, 
although only in small abundances. While the relevant 
GPA is not known, we can suggest an approximate 
value of 1502 kJ mall’, based on data for a similar 
structure, CH, =CH-OH [251. 
The ion with m/z 59 may have similar reactivity to 
m/z 71. The formula C,H,O, and the fact that the 
peak shifts to m/z 61 in the &-glycerol experiment 
suggests the structure shown in Table 2. Again, it may 
have a GPB of approximately 1533 kJ mol-‘. However, 
when considering the proposed structure of the m/z 
59 ion and that of vinyl alcohol (for which the GPA is 
given), one might expect m/z 59 to have a somewhat 
lower GPB. Hydrogen bonding in the ion, between the 
anionic oxygen and the adjacent hydroxyl group, 
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Table 2. Reagent anion candidates horn glycerol 
Mass-to-charge ratio and elemental composition 
Glycerol &-Glycerol 
Proposed structures 
A- 
PA(A-) 
(kJ mol-‘1 AH (or analog) 
91 
C2H70i 
96 
C,W-‘zO, 
0- 
HO&OH 
11 
OH 
-O&OH 
0- 
71 74 H2C 
A 
CHO 
C3’-‘30; C,D,O; 
59 61 
CZH30; C,D,HO; 
45 46 
CHO; 
43 
C,H,O- 
25 
C>H- 
17 
OH- 
CDO; 
(46) 
(26) HC-C 
18 
OD- 
H0/=\ 
0 
H7f”- 
0 
‘-‘z&.0 - 
OH 1635 H2O 
1546 (n-propanol) 
OH 
(1533) 
(1533) 
1415 HCOOH 
1533 CH,CHOH 
1576 C2’+2 
should lower its proton affinity. Obviously, fragment the primary ions cited contribute to the m/z 91 signal 
ions such as m/z 71 and 59 would deprotonate glyc- and form deprotonated glycerol clusters with subse- 
erol. Thus, all such reactions should be possible- quent glycerol molecules. When analytes are present in 
slightly endothermic or exothermic depending on the glycerol and are desorbed in neutral form, they 
structural details such as hydrogen bonding that in- would first encounter the primary anions m/z 17, 43, 
fluence ion and neutral stabilities. Also, if the ions are 59, and so forth and would participate in ion/molecule 
formed with additional energy, this would be critical reactions, most likely involving proton transfer to form 
in inducing such chemistry. [analyte - HI- species. 
The ion at m/z 45, observed in Figure 5, spectra 41, 
50, and 60, is not observed early in the FAB experi- 
ment. It appears to yield an ion at m/z 46 at long 
times in the d,-glycerol experiment. CG [221 also re- 
port a peak at m/z 43 and assign it as C,H,O-. There 
is no m/z 43 in the &,-glycerol spectrum at long times; 
it may contribute to the ion current at m/z 46 in this 
case. The relevant GPB is 1502 kJ mol-’ and it would 
deprotonate glycerol in an exothermic process: 
Can Ions Emerging from the Fast-Atom 
Bombardment Target be Converted into Gas 
Phase Ion / Molecule Reaction Products? 
m/z 43X+ G + [43 + HIneutral + [G - HI- (16) 
The peak at m/z 25, again observed at long times, 
represents C,H-. It appears in the &-glycerol spectra 
at m/z 26. The relevant GPB is that for acetylene, 1576 
kJ mol-‘. The last ion in question is m/z 17, OH-. 
Water has a high gas phase acidity, 1635 kJ mol-‘; 
thus as a primary ion it would deprotonate glycerol in 
a process that is exothermic by 89 kJ molt ‘. 
Thus, low mass fragment ions are realistic reagent 
ions for the negative ion FAB (glycerol CI) experiment. 
The CI model would then support the proposal that 
Estimate of Collision Frequencies in the Selvedge Region. 
The selvedge region has been defined as a region of 
space above the FAB target that extends to the point 
where chemistry/collision stops [121. We use the term 
as shown in Figure 1 to represent a region of space 
separate from the interfacial region. Gas phase Kf ions 
have been injected into this region to show that gas 
phase analyte and matrix molecules are present and 
collisions can occur [26, 271. Campana and co-workers 
[28-301 coupled CI with FAB to analyze desorbed 
molecules as well. Glycerol and analyte molecules are 
present in the gas phase: they desorb, pass through the 
ion source, and are pumped away by the mass spec- 
trometer vacuum system. They also condense on ion 
source surfaces, to be desorbed at later times and again 
pass through the ion source. In addition to the contri- 
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butions of evaporation in vacua, molecules are des- 
orbed in the FAB process. At low ion fluxes, one might 
expect complex distributions of gas phase 
molecules-changing on a variety of time scales. Sin- 
gle desorption events send a collection of molecules 
and ions into the gas phase, in an expanding “packet.“ 
As the number of collisions on the surface becomes 
large, these small “pressure pulses” contribute to the 
average number density in the gas phase above the 
surface. 
Local pressures in the selvedge region encountered 
in FAB as high as lo6 torr have been suggested [17], 
cited as sufficient to maintain CI-type conditions. If a 
selvedge region exists in which gas phase chemistry 
occurs, the question is not whether the region extends 
throughout the ion source or only a small distance 
above the surface. The important parameter is the 
number of collisions that a desorbed ion might experi- 
ence. Whereas the ion is desorbed during a collision 
event, the desorption is accompanied by a “burst” of 
molecules. Consider the number of collisions that a 
desorbed, neutral glycerol molecule might experience 
as it leaves the FAB target surface and passes through 
the ion source. According to the kinetic theory of 
gases, the collision frequency Z in a gas can be calcu- 
lated through the relation Z = @(rcN, where u is the 
collision cross section, c is the mean speed, and N is 
the number of particles per unit volume (n/V). As- 
sume, that an incident fast Xe atom sputters 1000 
glycerol molecules [$I from an area of PY*, where Y is 
estimated to be 50 A 1171. These molecules are present 
in some volume of the selvedge region, with a “thick- 
ness” d and a volume of 7~ r ‘d. The glycerol molecule 
spends some time in this region, which depends on the 
dimension of the region and the speed of the molecule, 
f = d/c. Thus, the mean number of collisions a desorb- 
in glycerol molecule will undergo is z x f = 
P 2 0 n/rr’. According to this simple model, the 
number of collisions depends only on the collision 
cross section and the number of particles sputtered per 
unit area. With an estimated molecular diameter of 6 A 
[32], the hard sphere collision cross section for a glyc- 
erol molecule would be 113 k, yielding a mean num- 
ber of 20 collisions. Collision cross sections for reac- 
tions between ions and polar, polarizable molecules at 
thermal energies are usually an order of magnitude 
greater than for neutral-neutral collisions. Suppose 
the mean collision cross section for glycerol ions 
with glycerol molecules is 550 k (the mean of 100 and 
1000 A’). In this case, the average number of collisions 
would be as large as 100. Although obviously a crude 
estimate, this calculation does show that multiple colli- 
sion conditions are plausible. To keep the calculation 
simple and to avoid calculating speeds or the variable 
d, one assumption is that the set of molecules desorbed 
in a single collision event exists in essentially a cylin- 
drical gas phase volume of 7r(50)*d. In fact, the 
“packet” diverges, lowering the number density with 
increasing distance from the surface. This leads to the 
second contributor to the selvedge region-molecules 
desorbed from neighboring impact sites. The third 
contributor is the evaporation in vacua of glycerol. If 
the selvedge is, as syggested by some, a gas phase 
region within lo-500 A from the surface, then only the 
first and the third contributing factors may be signifi- 
cant. However, because all molecules, once desorbed, 
pass through the entire ion source, one can imagine a 
distribution of number density throughout the source, 
with all three processes contributing to the total num- 
ber of collisions a desorbed molecule experiences. If 
the time-dependent aspects of FAB spectra are due to 
number density changes in the selvedge region, then 
the first contributor considered would not be a major 
contributor. Such considerations may be consistent with 
the observed temperature dependence of FAB spectra. 
FAB spectra of neat glycerol at a variety of tempera- 
tures have been reported [33, 341, with the relative 
intensities of the G,H+ cluster ions decreasing with 
decreasing temperature. Although changing viscosity 
and variations in hydrogen bonding are reasonable 
explanations, the changes in the spectra at reduced 
temperatures could also be due to the reduced number 
density in the selvedge region because thermal desorp- 
tion no longer contributes. 
Are the Ions Observed at Long Irradiation 
Times from Glycerol or Products of Radiation 
Chemist y? 
Long Evaporation, Short Irradiation Experiments. We 
have developed a model that considers the ions formed 
at long times in the FAB experiment and evaluated the 
proposal that these are the primary ions of FAB. How- 
ever, the sample was bombarded for a period of al- 
most an hour to sufficiently deplete the glycerol and 
create the situation where the mean number density of 
neutrals above the target was minimal and primary 
ions could be identified. We also note that other species 
are formed upon particle bombardment, which have 
been proposed to accumulate and yield ions. Are the 
ions discussed here as primary ions of glycerol not that 
at all, but representative of accumulated radical chem- 
istry products? This does not appear to be the case. If 
higher molecular weight species are formed and accu- 
mulate, then ions with higher mass-to-charge ratio 
values should be represented in the mass spectrum not 
the small fragment ions observed. Some candidates for 
primary ions can be ruled out on this basis. The ques- 
tion can also be addressed through analogous experi- 
ments without lengthy particle bombardment. It has 
been suggested that particle bombardment roughly 
doubles the rate of glycerol desorption [19]. Thus, if a 
glycerol sample is introduced into the low pressure ion 
source and the fast-atom beam is not initiated, then 
one should need to wait approximately twice the time 
to achieve the situation where the amount of glycerol 
on the probe is very small. These are difficult experi- 
ments, The time difference required between glycerol 
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introduction and initiation of the FAB process and data 
collection is difficult to establish, because one has to 
determine when there is just enough glycerol left on 
the probe so that the neutral number density in the 
source is low, but to do so without turning on the FAB 
beam. To determine when the sample is sufficiently 
depleted, we had to irradiate the sample for short 
periods of time (typically 5 s) to follow the course of 
evaporation. Representative results for these long time 
evaporation/short time irradiation experiments are 
shown in Figure 6. Pure glycerol was introduced on 
the FAB probe tip into the vacuum system of the mass 
spectrometer and was allowed to evaporate for up to 
an hour prior to the bombardment. It was then irradi- 
ated for 10 s while a mass spectrum was obtained 
(spectrum 60). In this spectrum, the most intense ions 
are m/z 93 and 185. The FAB beam was then turned 
off. In the spectra taken several minutes later (spectra 
65 and 67 in Figure 6) these ions are no longer domi- 
nant and the relative intensities of the low mass frag- 
ment ions at m/z 45, 57, and 75 here increased. These 
results suggest that the low mass ions are formed from 
particle bombardment of glycerol and they are not the 
fragments of radiation damage products because the 
irradiation time in this data set was very short. 
An interesting feature of these long evaporation/ 
short irradiation experiments is the appearance of rela- 
tively intense ion currents at m/z 167 and 189. These 
ions are usually assigned as [Gz - H,O + HI+= 167 
and [Gz - Hz0 + Na]+= 189. CG [22] however, sug- 
gest a different possible assignment for the ion at m/z 
167 based on collision-activated dissociation spectra. 
Because no detectable loss of water can be observed 
from the tentative precursor ion [Gz + HI+, but con- 
secutive losses of up to three water molecules can be 
observed for the ion at m/z 167, they propose that the 
possible structure is [G,,, + HI+; that is, this ion is 
formed by the protonation of a radical coupling prod- 
uct. In the experiment presented in Figure 6, the accu- 
mulation of radiation damage products is not ex- 
pected. Instead, it seems that a compound with a 
molecular weight of 166 is originally present in the 
glycerol and its vapor pressure is lower than that of 
the glycerol; it becomes more concentrated as the glyc- 
erol evaporates from the probe. As the concentration of 
glycerol decreases, the rate of its protonation by the 
primary ions becomes lower than the rate at which the 
ion at m/z 167 is formed; thus this ion becomes more 
dominant in the mass spectrum. What is the origin of 
the ion at m/z 167? It is known that upon heating in 
vacua glycerol forms diglycerol ether and this com- 
pound could be present in the glycerol [35]. We dis- 
tilled the glycerol used but have not been able to 
completely separate out diglycerol ether. In addition to 
the ion at m/z 167, another ion appears at long times, 
m/z 189. This ion deserves to be discussed because it 
is formed by a different mechanism. It can be the 
sodium ion adduct of the diglycerol ether or can be 
formed via protonation of the sodium salt of the 
Spectrum 
93 # 
60 
65 
67 
120 
Figure 6. Positive ion FAB mass spectra of glycerol. The first 
mass spectrum was taken 60 min after sample introduction 
(spectrum 60); spectra 65 and 67 were taken at 7 mm after 
introduction. Spectrum 120 shows the FAB mass spectrum of a 
target on which glycerol had been deposited and allowed to dry 
completely. The higher mass portion of the spectrum is magni- 
fied by a factor of 20. 
diglycerol ether. The ion current representing the 
sodium ions is usually small in the FAB mass spectra 
of the system discussed here, but the relative intensity 
of the Na+ peak increases in the long time evaporation 
experiments because the solution becomes more con- 
centrated in contaminants that desorb more slowly. In 
Figure 6, spectrum 120 shows the result when glycerol 
was allowed to dry on the probe tip prior to analysis. 
The major ions in the mass spectrum are m/z 52 and 
56 representing chromium and iron ions from the 
stainless steel and sodium and potassium ions at m/z 
23 and 39. The glycerol is evaporated so there is no ion 
current at m/z 31, 45, 57, and 75. The ion at m/z 189 
still can be seen when the environment is presumably 
not protonating, suggesting that the ion is a sodium 
adduct rather than a protonated sodium salt. The fact 
that this ion is still present when the glycerol has been 
evaporated also verifies that the compound from which 
this ion is formed is present originally in the glycerol. 
Is There a Time Dependence of Analyte-Related 
Ions that Would be Consistent with the 
Chemical Ionization Mechanism for 
Fast-Atom Bombardment? 
When Analytes Are Present. Relative intensities for the 
ions related to the neutral analyte molecules that are 
dissolved in the glycerol matrix also change with time. 
This is frequently not appreciated when “the FAB 
mass spectrum” of a compound is obtained. To 
demonstrate the behavior that can be observed, con- 
sider the cardiac glycoside digoxin (MW 780) 1361. The 
structure is shown in Figure 7, with spectra obtained at 
various times during the FAB analysis of a 
digoxin/glycerol mixture. Early in the analysis, a small 
peak representing the protonated molecule is present 
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Figure 7. Positive ion FAB mass spectra of 1.5 nmol of digoxin in 0.5-PL glycerol. The sample was 
continuously bombarded and one mass spectrum was acquired per minute. The protonated digoxin 
molecule has a mass-to-charge ratio value of 781. Fragment ions with m/z 651,521, 391, and 131 are 
indicated in the figure. The m/z 391 species eliminate multiple water molecules to form the m/z 
373 and 355 species. The species with m/z 261 is not observed, but its dehydration product m/z 243 
is. 
in the positive ion mass spectrum at m/z 781, and 
several fragment ions are observed throughout the 
mass range. At later times, fragment ions are observed 
while the [M + HI+ peak is no longer present. Digoxin 
is a particularly interesting case. It appears to have 
some surface activity; thus it is depleted more quickly 
than compounds chemically more similar to the ma- 
trix. Would the time dependence of these analyte-re- 
lated peaks be consistent with their formation via 
ion/molecule reactions in an experiment in which the 
average “pressure” changes in time? We believe this 
to be so. Early in the experiment when the number of 
collisions experienced by desorbed ions is large, a 
substantial fraction of the initially formed reagent ions 
(Ffl react to protonate glycerol and analyte. The rela- 
tive abundance of the GHf ions is highest at this 
point, and these may react to protonate desorbed ana- 
lytes as well. Thus, in addition to the reactions dis- 
cussed to this point for glycerol, we have the reactions 
-c 
MH++[F - H]” (17al 
F++ M 
analyte fragment ions (17b) 
x 
MH++ G (18a) 
GH++ M 
analyte fragment ions (18b) 
Proton transfer from GH’ to M is less exothermic than 
from F+, so the branching ratio between 17a, b may 
favor 17a, while processes 18a, b may favor 18b. Thus, 
as the selvedge is depleted, a larger fraction of reaction 
products of Ft are observed-fewer from MH+- 
favoring the formation of analyte fragment ions as 
opposed to the protonated molecule. Also, early in the 
experiment when collision frequencies are the highest, 
the opportunities for collisional deactivation of the 
protonated molecule would be most likely (reaction 
19), again favoring MH+ formation: 
MH-*+G-+MH++G* (19) 
Similar trends are observed in the negative ion spectra 
of this system, again consistent with this mechanism. 
Practically, such observations suggest that if sufficient 
fragmentation is not observed for an analyte in the 
typical FAB spectrum, the spectrometrist should con- 
tinue to acquire spectra; later data may provide addi- 
tional structural information. 
Conclusions 
Developed here is a glycerol chemical ionization mech- 
anism for the generation of ions from neutral analytes 
and the glycerol matrix, consistent with previous pro- 
posals and observed correlations between analyte re- 
sponses and their proton affinities. CI and FAB have 
many aspects in common, such as the matrix (reagent 
gaskanalyte ratios and the formation of protonated 
molecules rather than molecular ions. We have at- 
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tempted to refine this model by using time-dependent 
data in a number of ways, one being to identify possi- 
ble reagent ions of the glycerol FAB experiment. The 
time-dependent nature of the species formed in FAB 
resembles data from an experiment in which 
ion/molecule reactions are under study-one in which 
the sample partial pressures are decreasing with time. 
With candidate reagent ions defined, formation of pro- 
tonated analyte molecules via proton transfer reactions 
would be exothermic. 
The dynamics of the system are complex, but 
molecules are present in the gas phase. Three pro- 
cesses contribute to the selvedge region and the num- 
ber of collisions experienced by desorbed ions. At 
points in space above the target desorption from each 
unit area of the surface contributes. Second, discrete 
fast-atom collisions on the surface eject molecules into 
the gas phase. Third, ions desorb within a set of 
desorbed molecules. Ions can react with these 
molecules. Simple calculations suggest that multiple- 
collision conditions can exist. Thus, this model remains 
viable, consistent with many aspects of the experi- 
ment, and useful for predicting analyte response in 
many cases. 
This does not in any way negate the importance of 
the interfacial region and chemistry in the short-lived 
cavities that are formed when a fast atom strikes the 
liquid surface. This must be where multiply charged 
analytes in solution are converted into singly charged 
gas phase ions, through recombination processes and 
reactions with matrix. Ion/molecule reactions must 
also occur in the interfacial region. However, after ions 
are formed, they must pass through a region of space 
in which desorbed molecules are present. 
There may, of course, be other explanations for the 
time dependence of the spectra discussed here. Cer- 
tainly, as bombardment time increases, one may ex- 
pect the bulk temperature of the glycerol/analyte tar- 
get to increase. The temperature increase has been 
calculated to be small [37]; however, we observe con- 
siderable warming of the probe upon bombardment. 
Although this may be the case, higher temperatures 
appear to favor more cluster formation, not less [34]. 
The data available for FAB seem to be consistent with 
a CI mechanism contributing to the ions observed and 
may be the dominant mechanism in some instances, 
depending on analyte, matrix, and the many variables 
associated with the ion source design. 
Clearly, FAB is not currently receiving the attention 
of newer desorption/ionization techniques today, such 
as MALDI. We note that some discussions have ap- 
peared in the MALDI literature in which ions observed 
are cited as being formed in the selvedge region “simi- 
lar to FAB.” The nature of gas phase species above the 
target, electric fields, and ion kinetic energies in the 
MALDI ion source are clearly much different than in 
the FAB source. The continued discussion of mecha- 
nisms of desorption/ionization will hopefully lead to 
descriptions that involve all of these methods and the 
J Am Sot Mass Spectrom 1997, 8,337-351 
time-dependent aspects of the spectra that are fre- 
quently overlooked. 
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